Abstract: The geometry and electronic structure of several phosphinine-ether macrocycles were investigated at semiempirical level. The calculated geometries are in good agreement with experimental data. Compared to phosphinine, the coordinative abilities of phosphinineether macrocycles based on energy considerations suggest a little lowered π acceptor character, while π donor character is improved. The molecular environment causes a significant mixing of phosphinine and phenyl substituent π levels. The geometry and electronic properties of phosphinine-ether macrocycles can provide significant host coordination properties for guest species.
Introduction
The new trends in chemistry are aimed at complex molecular architectures, with specific properties and target applications [1] . The structural characteristics of macrocycles can provide the proper nature and size for guest species that make them very attractive for coordinative chemistry and catalysis.
A new path in phosphinine chemistry was provided by N. Avarvari and collaborators, who succeeded to obtain 1,3,2-diazaphosphinine that gives access to a series of phosphinine macrocycles with good coordination capacities [2] [3] [4] . Phosphinine ether macrocycles, the analogues of phosphine-ether macrocycles are designed as flexible and selective ligands in view to obtain host-guest complexes with metal cations [3] . Even if crown ethers and * E-mail: lilypac 99@yahoo.com phosphine-ether macrocycles display interesting coordinative behavior towards metals or neutral molecules, due to optical isomerism of phosphorus atoms they posses many practical problems [5] [6] [7] [8] [9] [10] [11] [12] [13] . The aromatic character of phosphinine was demonstrated earlier by structural and magnetic criteria and also by spectral investigation [14] [15] [16] [17] [18] . The exploration of coordinative abilities of phosphinine showed that η 1 coordination is preferred with low oxidation state metals, whereas π-complexes may be obtained with different metallic species [19] [20] [21] [22] [23] [24] [25] [26] [27] . σ-Coordinative character of phosphinine is comparable with that of phosphine while π-donor character is similar to benzene [25] . Phosphorus is better π-acceptor than carbon, LUMO level of phosphinine with dominant π character and large coefficient at phosphorus confer good π back donation ability, this characteristic was used for the stabilization of the reduced metallic species [28, 29, [30] [31] [32] . Phosphinineether macrocycle bridged with dimethylsiloxi moieties manifest very interesting behavior towards one electron reduction, which allows the formation of one electron bond between the phosphorus atoms due to the spatial arrangement of the macrocycle that provides a close contact [33] .
The molecular environment of phosphinine influences the coordination capacity. Previous calculations and photoelectron spectra showed that substitutional pattern influence orbital energies, function of the inductive effect of the substituent [34] [35] [36] . Molecular orbitals with the same character became more or less stable. Thus, the introduction of tertbutyl group in phosphinine or triphosphinine molecule rise the energies of π and π* levels with the same extent and remote the energies of orbitals [35] . Previous studies showed that electron attracting substituents change the benzophospholide's type of coordination rendering favorable σ coordination [34] . Steric hindrance furnished by the substitutional pattern favour η 6 over η 1 coordination, but the basic character [37] of lone pair determines ligation properties. According with hard and soft acids and bases theory HASAB [38] phosphinine is a soft base that can form complexes with soft Lewis acids [39] .
In this paper we report the PM3 and MNDO/d calculation for several phosphinineether macrocycles PE-1, PE-2 and PE-3 whose structures are shown in Figure 1 , and attempt to analyze the electronic structure. MNDO/d method was chosen to compare the effect of taking into consideration of d electrons of phosphorus on molecular properties of the studied compounds. The accuracy of computed geometries and electronic properties of phosphinine with respect to the X-ray geometry, size and nature of joints of the macrocycles was studied. We attempt to answer to the question if phosphinineether macrocycles have the required geometries and electronic properties necessary for the coordination of metallic species.
Computational details
All the calculations were done using the Hyperchem 5.11. and Hyperchem.7 Demo programs [41, 42] . All the geometries of all the structures have been fully optimized first using the MM+ force field and semiempirical methods PM3 and MNDO/d. The inclu-
sion of d orbitals of phosphorus to compute λ 3 -heterobenzenes with phosphorus has been accomplished by using MNDO/d method [43] . Distinct conformers were obtained that correspond to the local minima. All computations have been carried out with RHF approximation, the method with accelerated convergence has been used with a convergence limit of 10 −5 SCF. The molecules have been considered in vacuum and the optimization algorithm Polak-Ribière with a conjugate gradient RMS 0.001 kcal/molÅ was used. In order to evaluate Mulliken overlap populations bond order calculation was accomplished with PM3 semiempirical method from MOPAC 6.0 program [44] .
Results and discussions

Geometry
The relevant structural parameters for phosphabenzene units and exocyclic chains of the four phosphabenzene-ether macrocycles, resulted from HF calculation at semiempirical level PM3 and MNDO/d are listed in Tables 1-3. In Table 1 bond legths of phosphabenzene, Si-O and P-P distances in comparison with the reported X-ray 66 geometries [32] are presented. Valence angles of phosphabenzene units and exocyclic angles of P-C-Si and C-Si-O are listed in Table 2 together with experimental data for PE3. The computed dihedral angles are listed in Table 3 . Equilibrium geometries for the four macrocycles phosphabenzene-ether are shown in Figure 2 .
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Fig . 2 Equilibrium geometries of phosphinine-ether macrocycles resulted from PM3 calculation. The comparison of all the calculated parameters with X-ray diffraction structure available in Table 1 -3 suggests good agreement. The PM3 method gives a P-C separation that differs from the real bond length with 0.000Å(PE3) to 0.054Å (PE1), while Table 3 Torsion angle between phosphinine units and phenyl substituent obtained from PM3 calculation (deg) [41] .
with MNDO/d method was obtained a medium difference of 0.021÷0.032Å. C-C bond lengths calculated with PM3 method differ by 0.000÷0.011Å from experimental data and MNDO/d results by 0.015÷0.041Å. The best C-Si separation is given by MNDO/d method with difference of 0.001-0.013Å while the PM3 approximation gives bond length with ±0.003 to 0.033Å lower than X-ray crystallography. Si-O distance is better described by the PM3 method with difference ranging from ±0.002Å to 0.050Å and MNDO/d method results differ by 0.074÷0.108Å. PM3 method gave C-P-C bond angles that differ by 1
• ÷5.6. The inclusion of d orbitals of phosphorus for λ 3 , σ 2 -phosphinine leads to greater values for C-P-C bond angles 3.8
• -6
• and smaller for P-C-C bond angles by 2.2
• -3.2, while C-C-C angles are in well agreement with X-ray structure differences in the range 0.6
• -1.8. P-C-Si angles differ by 0.1 • -5.2 and C-Si-O angle is approximated by 0.2
• to 29.6 by the MNDO/d method. As the previous calculation demonstrated, d orbitals of phosphorus are more important for antibonding level [16] . The best description for P-P distance is given by MNDO/d method for PE3. Phenyl substituents of phosphinine units are situated in a plane roughly perpendicular to the phosphinine rings, in order to minimize steric repulsion with methyl groups. Cavity dimensions in PE1 and PE2 are close to those of PE3 obtained by X-ray crystallography that suggest possible "host-guest" metal complexes [32] .
The relative position of phosphinine units in macrocycles is different, if in PE2 the angles between phoshinine units are small, in PE1 phosphinines are antiparallel and aproximatively perpendicular on the silicon atoms plane, while PE4 displays a cone structure. The macrocycles PE1 and PE2 involve larger and more flexible joints, in consequence the equilibrium arrangement of the phosphinine involve reduced electrostatic repulsion between phosphorus atoms. The improper angles between phosphinine rings have been taken from two P-C equivalent bonds and are listed in Table 4 .
Improper angle 92.6 68.4 3.2 61.5 34.0 Table 4 Improper angles between phosphinine units in phosphinine-ether macrocycles obtained from PM3 calculation (deg) [41] .
Even phosphinine is planar and aromatic, but in the case of phosphinine-ether macrocycles we find the nonplanarity of the rings. The lack of planarity of phosphinine in the molecular constraints suggests the strain induced by the phenyl substituents and SiMe 2 groups and electrostatic interactions between posphorus lone pairs. The larger loss of planarity was observed in PE2 and PE3. We believe that the multitude of the conformations can be responsible for the steric situation in PE2. The calculated torsion angle that contain phosphorus bond angles in the phosphinine units are listed in Table 5 . Table 5 Endocyclic torsion angle C-P-C-C obtained with PM3 method (deg) [41] .
Stability
The computed total energies and heats of formation are summarized in Table 6 . Inspite of structural similarities of PE1 and PE2, the stabilities differ. The most stable macrocycle from point of view of the total energy and heat of formation is PE3 that contain three phosphinine units. As the size of the linkers or the number of phosphinine units increases, the stability of the macrocycle is higher. 
Electronic structure
The energy levels calculated in a range of 10.5 eV for the phosphinine-ether macrocycles, 2,6-bistrimethylsilil phosphinine and phosphinine are showed in Figure 3 . The energy of molecular orbitals in phosphinine-ether macrocycles are raised with respect to phosphinine, that is in agreement with previous calculations and photoelectron spectra of substituted phosphabenzene and triphosphabenzene [15, 17, 18, 35] . Table 7 HOMO and LUMO energies and HOMO-LUMO gaps calculated with PM3 and MNDO/d methods in comparison with 2,6-bistrimethylsilil phosphinine (eV) [40, 41] .
The separation between bonding and antibonding levels, HOMO-LUMO gap, obtained by PM3 method is little reduced with respect to phosphinine, but is consistent with the stability of aromatic compounds. The SiMe 2 substituents rise and gather the orbital energies in comparison to phosphinine (see Fig. 3 ). MNDO/d calculation gave very close values for HOMO-LUMO gap of all the studied compounds. The separation of n, π orbitals is not too clear in phosphinine ether macrocycles due to their complexe structure as can bee seen in Fig.4 . The electronic properties of phosphinine units are more accurate in the case of macrocycle with longer inter-phosphinine linkers.
Electrostatic potential of all phosphinine-ether macrocycles shows negative charge distribution on oxygen atoms, whereas phosphorus and silicon atoms bear positive charges. The charges of the main atoms of the macrocycles are shown in Table 8 . The charge distribution inside the macrocycle is alternatively positive and negative that in accord with Gimarc "charge rule" should offer electrostatic stability to the molecule [45] . Fig. 4 Frontier orbitals of phosphinine-ether macrocycles from the PM3 calculation [41] .
The shift of energy levels of the phosphinine in the molecular environment allows the mixing of phosphinine and phenyl substituent π orbitals and also of different character orbitals, see Fig. 3, 4 . From the analysis of the molecular wave functions we ascertain the following molecular orbital structure for the four phosphinine-ether macrocycles: PE1. As can bee seen in Fig. 4 HOMO is π character dominated by P 24 with a nodal plane between C 8 -C 9 and C 11 -C 12 . The second close lying molecular orbital is π, mainly of P 23 with the same nodal character. The next two molecular orbitals posses significant n character of phosphorus lone pairs with π contribution from phenyl substituents. The character of the following two orbitals is predominantly σ of P 23 and P 24 . Concerning the LUMOs', the first two are principally π character of the P=C antibonding orbital of P 24 and P 23 , the next two are essentially π antibonding of the phosphinine C=C bond with some contribution from the phenyl substituent.
PE2. The first two HOMO are π localized at P 26 and P 25 which describe the P=C double bond, followed by two n levels, the combinations of the both phosphinine lone pairs. The bonds of phosphinines with exocycle chains are described by the next two MO, hyperconjugation of the two phosphinine with all SiMe 2 groups appear in the two neighboring MO. The first two LUMO are the combinations of P=C antibonding of both phosphinine with a large coefficient at phosphorus.
PE3. The first three HOMO are π of the three phosphinine P=C bond but just two units in turn have significant contribution, followed by the three n levels of the each phosphinine combined with low π character from the phenyl substituents, see Fig. 4 PE3 HOMO-3, HOMO-4. Because of the shifted energy levels of phosphinine, the mixing of different orbitals is allowed. The major contribution in LUMO is a combination of P 26 and P 27 for the first two molecular orbitals while P 25 is dominant in the third (Figure 4) .
In the macrocycles the MO becomes less stable with respect to phosphinine, and consequently donation increase and retrodonation decrease. Table 9 Selected bond orders from phosphinine-ether macrocycles calculated with semiempirical PM3 method from MOPAC 6.0 program [44] .
Bond orders calculated with semiempirical PM3 method from MOPAC program are listed in Table 9 . Phosphorus atoms in the phosphinine units as the values of bond orders indicate, present multiple bond character intermediate between simple and double bond that usually is specific of aromatic compounds. The all bonds between O, Si, C atoms from the exocyclic chains and Si-C bonds between dimethylsilyl group and phosphinine display simple bond character.
Conclusions
Based on the above considerations, we can conclude that the size of the linkers between phosphinine building blocks of the macrocycles determine the accuracy of the electronic properties and the dominance of the phosphinine in molecular orbitals. The molecular environment causes a significant mixing of phosphinine and phenyl substituent π levels with σ levels of C-Si, and Si-O bonds of the joints. The energy difference between the highest occupied π orbital of the PE1 and PE2 does not exceed 0.4 eV while the 3p,σ P orbitals of the PE 1,PE2 and PE4 lie even more closely to 0.286 eV and 0.158 eV. The same situation is encountered in the position of LUMO. The separation E πHOM O -E n increases with the size of the joints or the number of phosphinine units from PE1 0.387 eV, to PE2 0.389 eV and PE3 0.425 eV. The increase of the phosphorus lone pair orbital energies in the macrocycles suggest repulsive interactions, the computed ∆E n, σ with respect to the phosphinine, are greater in the case of macrocycles than for 2,6-bistrimethylsilylphosphinine. Regarding the geometry, the results obtained at semiempirical level are in good agreement with experiment and suggest proper cavity size for the guest species.
Based on energy considerations the coordination properties of PE1, PE2 and PE3 compared to phosphinine suggest a little lowered π acceptor character, while σ,π donor abilities are improved. Based on the above considerations, the geometry and electronic properties of phosphinine-ether macrocycles PE1, PE2 and PE3 can provide significant host coordination properties for the guest species.
Even if semiempirical calculations involve roughly approximations, performing ab initio calculations are beyond our available computational facilities. The results are satisfactorily and seem to be comparable with higher-level calculations.
